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ABSTRACT: We have recently reported a chemical approach for half-life extension
that utilizes β-eliminative linkers to attach amine-containing drugs or prodrugs to
macromolecules. The linkers release free drug or prodrug over periods ranging from
a few hours to over 1 year. We adapted these linkers for use with phenol-containing
drugs. Here, we prepared PEG conjugates of the irinotecan (CPT-11) active
metabolite SN-38 via a phenyl ether that release the drug with predictable long half-
lives. Pharmacokinetic studies in the rat indicate that, in contrast to other SN-38
prodrugs, the slowly released SN-38 shows a very low Cmax, is kept above target
concentrations for extended periods, and forms very little SN-38 glucuronide (the
precursor of enterotoxic SN-38). The low SN-38 glucuronide is attributed to low
hepatic uptake of SN-38. These macromolecular prodrugs have unique
pharmacokinetic profiles that may translate to less intestinal toxicity and interpatient
variability than the SN-38 prodrugs thus far studied.

■ INTRODUCTION
Conjugation of drugs to macromolecular carriers is an
established strategy for improving pharmacokinetics. In one
approach, the drug is covalently attached to a long-lived
circulating macromolecule, such as poly(ethylene glycol)
(PEG), through a linker that is slowly cleaved to release the
native drug.1,2 Most of these conjugates use ester-containing
linkers that cleave either by spontaneous or esterase-catalyzed
reactions and have several limitations: (a) the rate of cleavage
can be faster, but not slower than the spontaneous hydrolytic
rate, and PEG−ester conjugates have half-lives of about 12−30
h at pH 7.4,1−5 (b) they can show intra- and interspecies
variability of in vivo cleavage rates because of different esterase
levels, and (c) cleavage rates are not generally predictable or
easily adjustable.
We have recently reported conjugation linkers that self-cleave

by a nonenzymatic β-elimination reaction in a highly
predictable manner and with a large range of half-lives of
cleavage spanning hours to over a year at physiological pH.6 In
this approach, a macromolecular carrier is attached to a linker
that is attached to a drug via a carbamate group (1; Scheme 1);
the β-carbon has an acidic carbon−hydrogen bond (C−H) and
also contains an electron-withdrawing modulator (Mod) that
controls the pKa of that C−H bond. Upon hydroxide-ion-
catalyzed proton removal (2), a rapid β-elimination occurs to
cleave the linker−carbamate bond and to release the free drug
or prodrug and a substituted alkene 3. The rate of drug release
is proportional to the acidity of the proton, which is controlled
by the chemical nature of the modulator; thus, the rate of drug
release is controlled by the modulator. It was shown that both
in vitro and in vivo cleavages were linearly correlated with

electron-withdrawing effects of the modulators and, unlike ester
bonds commonly used in releasable linkers,2 the β-elimination
reaction was not catalyzed by general bases or serum enzymes.
With releasable conjugates of this type, the terminal half-life
(t1/2,β) of a rapidly cleared released drug is transformed into
that of the conjugate and has a longer t1/2,β and diminished Cmax
compared to repeated bolus doses of a short-lived drug.
Recently, we described an approach to adapt such β-

eliminative linkers for use with phenol-containing drugs
(Scheme 2, 4).7 In addition to the pKa modulator, the modified
linkers include a methylene adaptor that connects the
carbamate nitrogen to the oxygen atom of the drug and an
electron-withdrawing N-aryl stabilizer that inhibits undesirable
cleavage of the adaptor−oxygen bond. Upon β-elimination
(Scheme 2, path A), a carbamic acid is released, which rapidly
disassembles to the free phenol-containing drug. Spontaneous
SN1 and acid-catalyzed solvolytic reactions were also charac-
terized (Scheme 2, paths B and C); here, an iminium ion of the
carbamate (9) is formed to assist prodrug expulsion that
ultimately loses formaldehyde to give an N-aryl carbamate.
We were interested in applying this technology to produce

conjugates of SN-38 with very long half-lives. SN-38 is the
active metabolite of the anticancer agent irinotecan (CPT-11),
primarily used to treat colon cancer, and is one of the most
potent known inhibitors of topoisomerase 1 (topo 1). CPT-11
is extensively metabolized and shows large interpatient
variability in its pharmacokinetics, pharmacodynamics, and
toxicities;8 it can be reasoned that direct administration of SN-
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38 might escape some of the metabolism of CPT-11 and thus
reduce some of the variability. However, SN-38 is too insoluble
to administer directly and has a short half-life and thus requires
the use of soluble prodrug depots, such as CPT-11 or
conjugates of long-lived macromolecules.
SN-38 prodrugs are usually administered as an i.v. bolus

every 1 or 3 weeks. However, topo 1 inhibitors such as SN-38
display time-dependent cytotoxicity because prolonged ex-
posure is needed to inhibit topo 1 during DNA replication.
Hence, continuous, protracted administration of low-dose topo
1 inhibitors may be advantageous over the commonly used
intensive bolus delivery. It has been proposed that a minimum
threshold of exposure to a topo 1 inhibitor (i.e., continuous
inhibition) must be achieved for optimal antitumor activity and
that a higher dose intensity enhances toxicity but not tumor
regression.9−11 To improve delivery of SN-38, numerous PEG
conjugates of CPT-11 or SN-38 with cleavable ester-containing
linkers have been developed.12 Although these are somewhat
longer acting than CPT-11, they still achieve a time-over-target
concentration for only a small fraction of the dosing schedules
used. Indeed, none of the current conjugates maintains the
concentration of free SN-38 over the target threshold for
protracted periods, nor are they able to because, unless
somehow protected, they are limited by the relatively short half-
lives of 12 to 30 h for hydrolysis of ester linkages.1−4 In
addition, all of the current SN-38 prodrugs show high Cmax

values of SN-38 that likely contribute to toxicities.

In the present work, we describe the synthesis, properties,
and pharmacokinetics of a series of PEG−SN-38 conjugates
that use β-eliminative linkers to connect PEG to the 10-
phenolic group of SN-38 via a stable ether linkage. Using
appropriate pKa modulators, the in vitro and in vivo half-life of
drug release can be controlled from several to ∼400 h, and
conjugates were obtained that achieve time-over-threshold
concentrations of SN-38 for long periods of time with low Cmax
and very low SN-38 glucuronide (SN-38G) formation. Taken
together, these features suggest that the conjugates described
here may show high efficacy with lower toxicity and interpatient
variability.

■ RESULTS
Synthesis. On the basis of procedures described for

conjugation of phenols to β-eliminative linkers,7 we prepared
PEG−SN-38 conjugates 14A−E and 16D,E (Scheme 3). For
the carbamate stabilizer, we used 4-NH2PhCON(Et)2 (pKa 3.5)
because of its suppression of SN1 solvolysis of analogous
compounds7 and its relationship to amides of p-aminobenzoic
acid that are generally safe. Azidoalcohols 10A−E were
converted to N-aryl carbamates 11A−E via chloroformate
reaction with 4-NH2PhCON(Et)2. The carbamates were
treated with TMSCl/paraformaldehyde to provide the reactive
N-chloromethyl carbamates 12A−E. Reaction of 12A−E with
the SN-38 10-oxyanion (10-OH, pKa 8.5613) gave the
corresponding C-10 ethers 13A−E, which were connected to
4-arm PEG40kDa-(DBCO)4 by Cu-free click chemistry to form
PEG conjugates 14A−E in near quantitative yield.14 To
synthesize a less hydrophobic conjugate that was more
economical to prepare, we developed a method to attach the
linker to PEG via an amide bond. Here, azido linker−SN-38
13D,E were reduced with Me3P to the corresponding amine
linker−SN-38 analogues 15D,E, which were reacted with 4-arm
PEG40kDa−N-hydroxysuccinimido ester to give 16D,E.

Solvolysis Products of N-Aryl-N-SN-38−CH2-carba-
mates. The solvolysis products of N-aryl-N-SN-38−CH2-
carbamates 13 and 14 identify the pathways of SN-38 release.
β-Eliminative cleavage (Scheme 2, path A) should give SN-38,
the aryl amine, and an alkene (ModCHCHR), whereas

Scheme 1

Scheme 2
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spontaneous (path B) or acid-catalyzed (path C) reactions
should both provide SN-38 and N-aryl carbamate 11.7 Over
most of the pH range studied, the insolubility of the SN-38
product required use of such low concentrations (≤10 μM)
that aryl amine could not be detected by HPLC−UV. However,
SN-38 is ionized at low and high pH (pKa 1.4 and 8.613) and is
significantly more soluble. At pH 0, the azido linker−carbamate
13C (∼40 μM) disappeared with concomitant production of
SN-38 (t1/2 ∼ 12 min); an intermediate presumed to be N-
HOCH2−11C initially appeared that converted to final product
11C. The analogous PEG−SN-38 conjugate 14C released the
expected SN-38, leaving the aryl amine coupled to PEG as the
acid-stable N-aryl carbamate. At pH 10.5, the azide linker−
carbamate 13C produced stoichiometric quantities of SN-38
and 4-NH2PhCON(Et)2 at the same rate (t1/2 ∼ 6 min). Stable
analogue 13E produced SN-38 and carbamate 11E in acid or
basic media.

In Vitro Kinetics of SN-38 Release. The kinetics for
solvolysis of the SN-38-containing carbamate without a pKa
modulator (14E), described by eq 1, shows an acid-catalyzed
rate between pH 0 and 5.5 with a slope of −1.0 in a log kobsd
versus pH plot; at higher pH, the rate was pH-independent up
to at least pH 9.4. Determinations of spontaneous rates were
limited by difficulties of measuring the extremely slow reaction.
Conjugates containing pKa modulators (14A−D and 16D)
show an additional hydroxide-catalyzed rate, as in eq 2.

= ++
+k k k[H O ]obs H 3 H O2 (1)

= + ++ −
+ −k k k k[H O ] [OH ]obs H 3 H O OH2 (2)

Solvolysis of 14A−D possessing pKa modulators were
likewise first order in hydronium ion between pH 0 to ∼4.5
(Figure 1 and Table 1) and first order in hydroxide ion at pH

Scheme 3
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≥6. The rate of SN1 solvolysis of 14C, as estimated by the SN1
reaction of 14E, was in agreement with the nadir of the pH−log
kobsd. Also, the SN1 reaction of 14E was ∼7-fold slower than the
corresponding p-nitrophenyl ether, which is in accord with the
finding that rates of such reactions are inversely related to the
pKa of the leaving group.15 Of primary relevance are the base-
catalyzed rates dictated by the pKa modulators and the
difference between these rates and the spontaneous solvolysis
rate at physiological pH. The acid-catalyzed rates, which are
independent of the pKa modulator, primarily provide guidance
in handling of samples in pharmacokinetic studies to prevent ex
vivo hydrolysis and to assist design of long-term storage
conditions.
Table 1 shows that the rates of base-catalyzed β-elimination

are directly related to the electron-withdrawing ability of the
modulator, and at pH 7.4, they have half-lives ranging from ∼9
to 450 h. The rate of 14A is only slightly slower than that of the
analogous p-nitrophenyl ether, indicating little dependence of
the β-elimination reaction on the leaving group pKa of the
ether.7 They are, however, 6- to 8-fold faster than reported
simple primary carbamates with the same modulators6 because
of the higher acidity of the initially formed carbamic acids.7

Importantly, β-elimination rates dominate the significantly
slower spontaneous SN1 hydrolysis at physiological pH. It is
noteworthy that for 14D and 16D the solvolysis rates are
relatively unaffected by the spatially remote DBCO or amide
connectors to the PEG macromolecule.
Mechanism. The pH-independent spontaneous hydrolysis

of 14E has precedence in the analogous reactions of N-
substituted N-aryloxy-7,15 and N-acyloxy-methyl16 carbamates.

There is a spontaneous release of the leaving group with
assistance of an iminium ion intermediate (Scheme 2, path B).
The acid-catalyzed solvolysis is first order in hydronium ion

from pH 0 to ∼4.5, indicating preprotonation of a site with pKa
< 0 prior to cleavage. The quinoline nitrogen of SN-38 has a
pKa of 1.4,

13 but its protonation is not apparent from the pH−
log kobsd profile (Figure 1). Thus, the kinetically relevant
protonation must occur at a site remote from and unaffected by
protonation of quinoline nitrogen. Because it is unlikely that
protonation of the ether linkage of 14 would be unaffected by
protonation of SN-38, the site of preprotonation may be the
carbonyl oxygen, as proposed for analogous aryl ethers.7

As with other β-eliminative carbamates6,7 conjugates with a
pKa modulator, 14A−D showed release rates of SN-38 that
were first order in hydroxide ion (Table 1). In the absence of an
ionizable proton at the β-position of the carbamate (i.e., 14E),
SN-38 release was extremely slow and did not exhibit
hydroxide-ion catalysis. Thus, as shown for related ethers7

and depicted in Scheme 2, path A, the base-catalyzed reaction
involves β-eliminative cleavage of the O-alkyl bond of the
carbamate to form carbamic acid 5; subsequently, there is
decarboxylation, which, from related models,17 is acid-catalyzed,
followed by spontaneous collapse18 of the neutral Mannich
base 6 to give CH2O, the aryl amine, and SN-38.
We desired to determine whether the rate of decarboxylation

of the carbamic acid 5 (k2[H3O
+], Scheme 2) or collapse of the

Mannich base intermediate 6 (k3, Scheme 2) was slow enough
to allow accumulation of intermediates at physiologic pH. For
this, we used a previously described7 kinetic approach that
allows an estimate of the lower limit of the rate of collapse of
these intermediates at pH 7.4. The rationale is that over the pH
range where the hydroxide-catalyzed β-elimination is slow
compared to subsequent rates the pH−log rate profile has a
slope of +1. If the hydroxide-catalyzed rate becomes faster than
subsequent reactions, then the pH−log rate profile will have a
slope of −1 or 0, depending on the new rate-determining step.
Thus, the rate at the highest pH where SN-38 release remains
first order in hydroxide allows assignment of a lower limit on
the rate of reaction of either intermediate at that pH. Because
the rate of reaction either remains the same (spontaneous
Mannich base collapse18) or decreases (acid-catalyzed decar-
boxylation17) at lower pH, this rate also corresponds to a lower
limit of the overall rate of SN-38 release at pH 7.4.
Above pH 8.5, we could directly observe formation of the 10-

phenolate ion of SN-38 by continuous spectrophotometric
assay, which monitors the relevant C−O bond cleavage step.
The log kobsd versus pH profile for SN-38 formation from
14A,C show a slope of +1 to at least pH 11.5. Here, t1/2 for 14A
was ∼3 s, so neither intermediate 5 or 6 in Scheme 2, path A
have a t1/2 > 3 s at that or lower pH. Thus, we conclude that

Figure 1. pH−log kobsd profile for solvolysis of 14A,C. For 14A
(−−■−−), the slope is +1.0 (r2 = 0.993) between pH 8.7 and 11.5.
The solvolysis of 14C (●) was fit to eq 2 from pH 0 to 11.5
using the kH2O rate of 14E; the slope from pH 0 to 4 is −1.0 (r2 =

0.989) and from 6 to 11.5 is +1.0 (r2 = 0.999).

Table 1. Rates of SN-38 Cleavage from PEG−SN-38 Conjugates

R kH3O
+, M‑1 h−1a kOH

_, M−1 h−1 × 10−3a t1/2, h, pH 7.4 t1/2, h, in vivob

14E H- 9.5 ± 3.0 NA 3600c NA
14A PhSO2CH2- 1.2 ± 0.5 301 ± 60 9.2 12
14B MeSO2CH2- 1.6 ± 0.7 34 ± 4.0 82 99
14C O(CH2CH2)NSO2CH2- 2.4 ± 0.4 25 ± 3.8 110 138
14D NCCH2- (DBCO) 1.4 ± 0.6 6.5 ± 0.6 420 342
16D NCCH2- (amide) 2.2 ± 0.6 6.1 ± 0.1 450 362

aValues are from best fits to first-order acid- or base-catalyzed reactions ± SD. bFrom Table 2. cCalculated from kH2O = 0.19 × 10−3 h−1 at pH 6.0−
9.5.
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both intermediates decompose rapidly and would not
significantly accumulate at pH 7.4.
Pharmacokinetics. For pharmacokinetic studies of releas-

able PEG conjugates with slow cleavage rates, the longer t1/2 of
PEG in the rat (ca. 30−40 h) compared to mouse (12−24 h)
makes it the preferred rodent model. PEG−SN-38 conjugates
14A−E and 16D,E were administered i.v. to rats, blood samples
were removed at various times and immediately quenched in
acidified citrate to avoid ex vivo linker cleavage, and plasma was
obtained by centrifugation; samples were analyzed by HPLC
using UV and fluorescence detection.
Pharmacokinetic data for PEG−SN-38 conjugates, SN-38,

and SN-38G in the rat were fit to a two-compartment model
depicted in Figure 2 (see Supporting Information for

derivations); relevant data with selected values normalized to
constant PEG−SN-38 concentrations are summarized in Table
2, and all original data is provided in the Supporting
Information. In a separate experiment, Cmax and AUC were
linear over a range of at least 1 to 4 μmol of 16D. For
comparison, reported pharmacokinetic parameters after a 60
mg kg−1 bolus dose of CPT-11 in rats that gave a SN-38 Cmax
similar to that from 16D (0.38 nM) were Cmax,CPT‑11 47 nM and
t1/2,CPT‑11 2.8 h, Cmax,SN‑38 0.43 nM and t1/2,SN‑38 8 h, Cmax,SN‑38G
0.81 nM and t1/2,SN‑38G, 9.2 h, and AUCSN‑38G/AUCSN‑38 5.5.

19

Preliminary pharmacokinetic experiments of 16D, 16E, and
CPT-11 were also performed in the African green monkey.
Overall, the AUC of SN-38 derived from CPT-11 over the first
4 h was only ∼2% of CPT-11, but SN-38G was formed in large
amounts such that AUCSN‑38G/AUCCPT‑11 was 0.32 and
AUCSN‑38G/AUCSN‑38 was 15. In view of the high SN-38 +
SN-38G derived from CPT-11 (33%), it is likely that, as
suggested for the rhesus monkey,20 the low levels of SN-38 are
a consequence of high glucuronidation rather than decreased
production. In striking contrast, 16D gave similar SN-38 levels
as in rats and a very low AUCSN‑38G/AUCSN‑38 of 0.23.
Interestingly, the linker cleavage t1/2 in the monkey (360 h) was
almost identical to that in the rat (362 h), indicating that the
SAR of in vitro versus in vivo cleavage6 likely holds in animals
other than rodents.
Finally, we saw no free SN-38 in plasma of rats or monkeys

treated with stable conjugates 14E and 16E that cannot
undergo β-eliminative release; because we can detect SN-38 at
levels <0.1% of conjugate (e.g., 16D, Table 2), we conclude

that there is no significant carbamate hydrolysis that might arise
from the action of some unidentified protease or esterase.
We have shown6 that the steady-state rate for loss of a

cleavable conjugate is kβ = k1 + k3, where k1 is the rate constant
for β-elimination and k3 is the renal elimination rate of the
conjugate. The k3 values were estimated for the DBCO- and
amide-linked conjugates using the elimination rate of the
corresponding stable conjugates, 14E or 16E, as surrogates that
can only undergo clearance. Examples of the method to
determine in vivo cleavage rates, k1, are given in Figure 3A,B,
with complete data for all conjugates presented in Table 2.
Figure 3C,D shows the C versus t profiles of PEG−SN-38
conjugates, SN-38, and SN-38G with the highest and lowest k1
values, respectively. As shown, the PEG−SN-38 conjugates give
very low levels of SN-38G, with AUCSN‑38G/AUCSN‑38 ratios
ranging from only 0.08 to 0.2, and the ratios track the rate of
linker cleavage, k1.

■ DISCUSSION
Rationale for Slow-Releasing PEG−SN-38 Conjugates.

Topo 1 inhibitors, such as SN-38, bind and stabilize the
enzyme−DNA covalent complex to prevent DNA religation
during S phase and thus cause time-dependent DNA damage
and apoptosis. Because binding is reversible, constant exposure
to the inhibitor is needed to maintain the complex until
irreversible events occur that lead to cell death.21,22 Inhibitors
of topo 1 also show a time-dependent increase of in vitro
cytotoxicity.23,24

Preclinical and clinical studies have also suggested that low-
dose, prolonged exposure of topo 1 to inhibitors may be less
toxic and more efficacious than conventional high-intensity
treatments. It has been convincingly demonstrated that
continuous infusion of CPT-11 over 4 days is significantly
less toxic than equivalent four daily bolus doses.19 Houghton et
al.9−11 showed that the efficacy of CPT-11 in human tumor
xenografts and in humans is highly schedule-dependent: a given
dose administered on a protracted schedule over 21 days was
more efficacious than dose-intensive schedules. They proposed
that a minimum threshold of the drug must be maintained over
long periods for optimal antitumor activity; higher dose-
intensity did not provide further benefit, but it enhanced
toxicity. Several phase 1 clinical trials of low-dose continuous
infusions, including 1 to over 9 weeks of CPT-11, yielded
steady-state levels of SN-38 of ∼3 to 15 nM, confirming the
tolerability and feasibility of low, protracted dosing.25−28

Similar phase 1 trials of continuous infusions of the topo 1
inhibitor topotecan also showed activity in several tumors,29−32

again suggesting that efficacy may be achieved by time-over-
target inhibition. Thus, topo 1 inhibitors may display exposure-
time-dependent rather than concentration-dependent cytotox-
icity: achieving a high inhibitor concentration for a short period
does not necessarily produce the same effect as maintaining a
low concentration for a prolonged period, even if the total AUC
per treatment period are equal.
Although promising, none of the phase 1 trials of protracted

continuous infusion of topo 1 inhibitors have been taken
forward in adequately powered clinical trials; a major
impediment is the impractical requirement for continuous
infusions to a large number of patients. A possible solution to
this problem is to use long-lived macromolecular drug
conjugates that slowly release the drug at low levels over long
periods. Toward that end, numerous macromolecular con-
jugates of CPT analogues have been prepared and stud-

Figure 2. Two-compartment model for releasable PEG−SN-38
conjugates and released SN-38. Rate constant k1 is for SN-38 release
from the conjugate, k2 and k3 are for elimination of the SN-38 and
intact conjugate, respectively, from the central compartment, and k12
and k21 are for distribution of the conjugate between the central and
peripheral compartments; Kdist describes partitioning of the free drug
between central and peripheral compartments. Derivations are given in
the Supporting Information.
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ied;12,33,34 in the forefront are three PEGylated conjugates with
cleavable ester linkers that have yielded promising results in
clinical trials: NKTR-102,35,36 a PEGylated CPT-11 with a Gly-
ester linkage to the C-20 alcohol, ENZ-2208, an analogous
PEGylated SN-38,3,37,38 and NK-012, a soluble PEG−Glun
micelle linked via a Glu ester to the 10-phenol of SN-38.4,39

The presumed advantages of these macromolecular conjugates
are that they provide a slow-release depot of the attached drug
and they also accumulate in tumors by the enhanced
permeability and retention (EPR) effect4,37,40 to give rise to
high intratumoral concentrations of the released drug.
However, these conjugates all use an ester linkage to attach

the drug to the carrier and probably involve serum esterase(s)
in drug release. Hence, in addition to variations in metabolism
and transport, drug exposure may be subject to variability in
serum esterases. Moreover, unless there is some form of
protection against hydrolysis in vivo, the rate of spontaneous,
noncatalyzed ester cleavage places an upper limit on the
cleavage t1/2 of a conjugate and hence the t1/2 of the released
drug. At pH 7.4, the in vitro t1/2 for cleavage of a Gly-C20 ester,
as in Enz-2208 and NKTR-102, is ∼12 h,3 and for cleavage of
the C10-phenyl ester of NK-012, is 20 h.4 Indeed,
pharmacokinetic data for NKTR-102, Enz-2208, and NK-012
in humans show that >99.5% of the conjugates are lost with t1/2
of ∼12−30 h.36,38,39 The extraordinarily long half-lives of SN-
38 released from such conjugates sometimes cited41 likely
include or refer to the prolonged terminal disposition phase of
very low, perhaps insignificant subnanomolar levels of SN-38.42

As an illustrative example, Figure 4 shows the human C
versus t plot for free SN-38 and SN-38G released from the

PEG(Glu)n−SN-38 conjugate, NK-012, as constructed from
reported parameters at a recommended schedule of q3w
cycles.39 Here, the t1/2 for SN-38 release is 20 h, and ∼95% of
the SN-38 has cleared by ∼4 days; the time over a presumed 5
nM threshold is only a small fraction of the interval between
doses. The exposure, or AUC, is dominated by the early release
of SN-38, but the drug remains over target for only ∼2 days;
thus, much of the exposure is “wasted AUC”. Also shown is a C
versus t simulation in humans for SN-38 released from a PEG−
SN-38 conjugate, 16D, that uses a β-eliminative linker with a
much longer cleavage t1/2 of 362 h . By dosing q3wk, SN-38 can
be kept above a target threshold of 5 nM (or higher with
increased dose) for the duration of treatment with a very low
Cmax and peak-to-trough ratio. Here, unlike the conjugates
linked by esters, t1/2 is limited by clearance of the PEG−SN-38
conjugate and not the cleavage t1/2 of the linker. Importantly,
although the estimated AUC of the SN-38 released by this
conjugate is similar to that of NK-012, the exposure displays
time dependence rather than concentration dependence. On
the basis of the above, we undertook the current studies to
develop PEG−SN-38 conjugates that would release continuous
low levels of SN-38 for protracted periods, mimicking a
continuous infusion insofar as possible with a single injection.

Chemistry of PEG−SN-38 Conjugates. In the present
work, we used β-eliminative linkers of carbamates adapted for
use in conjugates containing an ether linkage. The approaches
for synthesis and mechanistic evaluation follow directly from
previous studies.7 Thus, PEG−SN-38 conjugates 14A−E
containing a DBCO-derived triazole connector between the
drug and macromolecule were prepared by a four-step

Table 2. Pharmacokinetic Parameters for PEG−SN-38 Conjugates 14 and 16, Released SN-38 and SN-38G in the Rat

conjugate 14E 16E 14A 14B 14C 14D 16D

R- H- H- PhSO2CH2- MeSO2CH2- O(CH2)2NSO2CH2- NCCH2- NCCH2-

PEG connector DBCO amide DBCO DBCO DBCO DBCO amide

PEG−SN-38
μmol SN-38 0.22 0.54 2.3 1.0 3.8 3.1 4.9
Cmax, μM 86 36 379 116 579 387 623
Vd, L kg−1 0.011 0.055 0.025 0.032 0.025 0.029 0.029
t1/2,β, h 39 58 9 28 30 35 50
t1/2 cleavage (ln 2/k1), h

a 12 99 138 342 362
AUC0−∞, μM h 2132 1768 3632 3076 12 440 7588 16 664
N−AUC0−∞, μM hb 47 485 16 043 7738 15 072 16 041 11 994 16 664
C0,PEG‑SN‑38

c 32 19.6 177 51 247 118 199
N−C0,PEG,SN‑38 713 178 377 250 319 187 199
SN-38
Cmax, μM 1.4 0.18 0.18 0.38
N−Cmax, μM 2.98 0.28 0.38
t1/2,β, h 9 34 38 58
AUC0‑∞, μM h 13.1 6 4.2 10.9
N−AUC0−∞, μM h 27.9 7.7 6.6 10.9
C0,SN‑38 1.27 0.154 0.065 0.137
N−C0,SN‑38 2.71 0.20 0.10 0.14
SN-38G
Cmax, μM 0.277 0.019 0.017 0.026
N−Cmax, μM 0.590 0.027 0.026
AUC0−∞, μM h 2.7 0.83 0.45 0.86
N−AUC0−∞, μM h 5.75 1.07 0.71 0.86
Ratios
AUCSN‑38G/AUCSN‑38 0.21 0.14 0.11 0.079

aNot applicable or not determined. bThe prefix N- with an italicized entry designates that values have been normalized to a constant dose of 4.9
μmol of SN-38 content in PEG−SN-38 conjugate 16D. cC0 is the concentration at t = 0 extrapolated from t1/2,β.
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sequence used for analogous ethers of p-nitrophenol (Scheme
3). Conjugates 16D,E containing a less hydrophobic amide
connector were prepared by diverting intermediates 13D,E to
prepare amines 15D,E used for acylation with a 4-armed
PEG40 kDa-HSE.
Solvolysis of conjugates with stable linkers (14E, 16E) at all

pH values and those containing modulators (14A−D and 16D)
in acidic media gave SN-38 and the N-aryl carbamate as final
products, indicating initial cleavage of the methylene adaptor−
oxygen bond. In contrast, solvolysis of the conjugate containing
pKa modulators at pH > 6 yielded SN-38, the PEG-
alkenylsulfone, and 4-(Et)2NCOPhNH2 as products, indicating
initial β-eliminative O-alkyl cleavage of the carbamate bond.
Kinetic studies of solvolysis of PEG−SN-38 conjugates

showed spontaneous, hydronium-ion-, and hydroxide-ion-
catalyzed reactions. The acid-catalyzed reaction involves pre-
equilibrium protonation of the reactant followed by rate-
determining cleavage to SN-38 and the unstable carbamate
iminium ion (Scheme 2); the latter would rapidly hydrate to
the N-hydroxymethyl carbamate and lose formaldehyde in
acidic media. Because of several kinetically equivalent
mechanisms, it was impossible to assign the exact site of initial
protonation from the available data. The precise contribution of
the uncatalyzed SN1 pathway cannot be ascertained with linkers
containing a pKa modulator because of competing, more rapid
hydroxide-catalyzed β-elimination, but it could be estimated
from the nadir of the pH rate profile and the spontaneous
solvolysis of stable carbamate 16E. In the present case, the t1/2
of SN1 solvolysis of 16E, and hence 14A−D and 16D, at pH 7.4
is estimated to be ∼3600 h.
The specific base-catalyzed β-eliminative cleavage is driven

by the electron-withdrawing effect of the pKa modulator on the
adjacent C−H bond. Depending on the modulator used, the
t1/2 values at pH 7.4 ranged from ∼10 to 450 h, all significantly
faster than the ∼3600 h t1/2 for SN1 cleavage. The initial step is
the cleavage of the O-alkyl bond of the carbamate to give a
carbamic acid, which undergoes decarboxylation to the
Mannich base17 and subsequent collapse to the aryl amine,
formaldehyde, and free drug (Scheme 2, path A). Using a
kinetic approach previously described,7 we could estimate that
at pH 7.4 decarboxylation of carbamic acid 8 and collapse of
the Mannich base 9 both occur with t1/2 < 3 s at physiologic pH
and hence would not accumulate to any significant extent in
vivo.

Pharmacokinetic Studies. Accurate determination of SN-
38 blood levels in the presence of high levels of cleavable
PEG−SN-38 conjugates is challenging. In addition to the high
sensitivity needed for SN-38 and SN-38G analysis, precautions
are needed to minimize ex vivo cleavage of the relatively high
amount of PEG−SN-38 present (up to ∼1800:1 in the present
work). A low level of linker cleavage of the conjugate at pH 7.4,
occurring after only a few minutes, can result in artifactual
increases in free SN-38. Thus, drawn blood samples were
rapidly quenched with cold, acidified citrate to pH ∼5.5, and
plasma samples were never subjected to conditions (e.g., strong
acid) shown to catalyze cleavage. PEG−SN-38 and free SN-38
are easily separated from interfering substances on HPLC and
quantitated by UV-fluorescence; however, the SN-38G peak co-
eluted with an interfering fluorescent substance from plasma
that prevented high-sensitivity analysis. Hence, independent
measurements of SN-38G were made after acid treatment to
convert it to its lactone form that eluted in a region free of
interfering substances.

Figure 3. Pharmacokinetic profiles for PEG−SN-38 and SN-38 in the
rat. (A) C vs t profile in rat of selected PEG−SN-38 conjugates with
different pKa modulators: 14A (■, green), 14B (▲, blue), 14C (◆,
red), and 14E (●, black). Note that the data is from a different
experimental set than reported in Table 2. (B) C vs t plot of ratio of
cleavable to stable PEG−SN-38 concentrations vs time. First-order
rate constants for linker cleavage (k1) are obtained as slopes of the
lines; for derivation, see the Supporting Information. (C) C vs t plot of
PEG−SN-38 conjugate 14A (●, red), SN-38 (■, blue), and SN-38G
(◆, green). (D) C vs t plot of PEG−SN-38 conjugate 16D (●, red),
SN-38 (■, blue), and SN-38G (◆, green).

Figure 4. C vs t curves in humans reported for SN-38 and SN-38G
derived from NK-012 and from simulations of 16D. SN-38 (--◆--,
blue) and SN-38G (−−■−−, black) in patient plasma after 28 mg
m−2 q3wk SN-38 equivalents of NK-012; cleavage t1/2 20 h, AUCSN‑38
5.4 μM h, and AUCSN‑38G 4.1 μM h from Figure 2A in ref 39. SN-38
(, red) from simulation of PEG−SN-38 conjugate 16D with −CN
pKa modulator having cleavage t1/2 of 362 h after 33 mg m−2 qwk × 3
SN-38 equivalents targeting Cmin 5 nM; inset shows expanded C vs t
plot of target 5 nM Cmin (−−−) and released SN-38 (, red).
Parameters used for simulation were SN-38 VSS 100 L, t1/2 2 h; PEG
conjugate t1/2,β 168 h. AUCSN‑38 is 1.4 μM h per injection or 4.3 μM h
for 3 weeks.
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The cost of prolonged release of SN-38 from the conjugates
is a decreased efficiency of drug utilization; that is, when
t1/2,cleavage ≫ t1/2,β, the efficiency of SN-38 delivery [k1/(k1 +
k3)] is limited by the residence time of PEG. For example, 14A
has a relatively high rate of drug release (t1/2 12 h) compared to
renal elimination (t1/2 39 h) but delivers ∼76% of its SN-38
cargo; in contrast, 16D, with a very slow cleavage (t1/2 362 h)
delivers only 12% of its SN-38 in the rat, whereas the remainder
is excreted unchanged. In humans, the t1/2,β of 16D is estimated
to be ∼7 days (Figure 4), so the efficiency of SN-38 utilization
is increased to ∼32%. Thus, an appropriate balance must be
reached between the duration of action desired and the
economics of SN-38 utilization.
Clearly, it would be desirable to use conjugates with the

longest circulating residence times possible. In the cleavable
PEG−SN-38 conjugates with a −CN pKa modulator (14D and
16D) and their stable counterparts (14E and 16E), both
DBCO and a simple amide were tested as connecting groups to
PEG in the rat. Interestingly, although the cleavage rates were
the same, conjugates with simple amide connections to PEG
(16D and 16E) showed ∼50% longer t1/2,β values and over 2-
fold increased exposure than corresponding conjugates with a
hydrophobic DBCO connection (14D and 14E); the t1/2,β
values are likewise ∼50% longer than the 40 h t1/2 of the
unsubstituted 4-arm PEG carrier.35 The SN-38 released from
amide-linked 16D also showed ∼1.6-fold increase in AUC
compared to the DBCO-linked 14D. It appears that SN-38
increases t1/2,β of the conjugates, whereas the concurrent
presence of the hydrophobic DBCO remnant decreases it. It is
likely that the SN-38 moiety on the conjugate prolongs t1/2,β
through its high-affinity binding (∼99%) to plasma proteins
and blood cells.43 Because the circulating lifetime of conjugates
with slow cleavage rates are limited by renal elimination, an
extension of the residence time, as in 16D, makes the conjugate
a more efficient source of SN-38 that would require less
frequent administration.
Primary objectives of this work were to develop cleavable

PEG−SN-38 conjugates that release SN-38 (a) with predictable
long half-lives, (b) with low Cmax values, and (c) that can be
kept above a target concentration for topo 1 inhibition for very
long periods. In vivo t1/2 values for cleavage of PEG−SN-38
conjugates with various pKa modulators vary from ∼12 to 360 h
and agree reasonably well with in vitro t1/2 values at pH 7.4
(Table 1). Most are considerably longer than the 12−20 h t1/2
values reported for PEG−SN-38 conjugates that require ester
cleavage. Whereas the t1/2,β of SN-38 in the rat is only about
∼22 min,44 the t1/2,β of the SN-38 released from the conjugates
vary from 8 to 50 h, up to a 135-fold half-life extension. In
rodents, the rapid renal elimination of 4-arm PEG40kDa (t1/2 ∼1
day in mice, 2 days in rat) does not illustrate the full potential
of slowly cleaved linkers in humans, where the renal elimination
of PEG is much slower (t1/2 ∼ 5 to 7 days). Because the rate of
linker cleavage is species-independent, knowledge of the t1/2 of
PEG and pharmacokinetics of the drug in species of interest
allows cross-species modeling.6 Thus, we simulated the C
versus t for free SN-38 from our lead conjugate 16D in humans,
which was presented in Figure 4. As shown, SN-38 can be kept
above a target concentration of 5 nM for at least 1 week with a
very low Cmax and peak-to-trough ratio. Indeed, the Cmax of SN-
38 in the simulation is ∼20- to 30-fold lower than reported for
NK-012 and Enz-2208, two ester-linked PEG−SN-38 con-
jugates in clinical trials.38,39

It is of interest to compare the plasma SN-38 levels in rats
treated with PEG−SN-38 conjugates to those treated with
CPT-11. In a study of the toxicity of CPT-11 as a function of
dosing schedule, rats were administered a very high 60 mg (102
μmol) CPT-11 kg−1 d−1 × 4 as daily boluses or as a continuous
infusion.19 Serious acute and delayed-onset diarrhea and
myelosuppresion observed in the bolus injection group were
alleviated in the continuous infusion group, illustrating the
lower toxicity that can be achieved by time- versus dose-
dependent exposure. Nevertheless, SN-38 exposure increased
from 1.9 μM h in the bolus dosing to 3.0 μM h in the 4 day
infusion, whereas Cmax dropped from 0.43 to 0.15 μM. After
normalizing the 20 μmol kg−1 dose of 16D to 5.5 μmol, 3.6-fold
lower than in Table 2, the exposure of SN-38 derived from a
single dose of the PEG−SN-38 conjugate is estimated to be 3
μM h, whereas Cmax is 0.17 μM, closely matching parameters of
the SN-38 formed during continuous infusion of CPT-11.
Conjugate 16D also showed an AUCSN‑38G/AUCSN‑38 of 0.08,
which is dramatically lower than the 3.6 ratio observed in the 4
day infusion of CPT-11. Thus, with exception of the 45-fold
lowering of the glucuronidation ratio, the SN-38 released from
a single dose of 16D closely mimics the SN-38 formed in the 4
day CPT-11 continuous infusion.
The current study has implications for issues of toxicity and

interpatient variability frequently observed with other SN-38
prodrugs, namely, CPT-11 and esterase-cleavable PEG−SN-38
and CPT-11 conjugates. CPT-11 is the most widely used
prodrug of SN-38; its metabolism is well-understood45 and
explains the late-onset severe diarrhea caused by toxicity to
intestinal cells. As illustrated in Figure 5A, CPT-11 is converted

into SN-38 by hepatic carboxyesterase (CE), which is then
metabolized by hepatic UGT1A to its 10-glucuronide, SN-38G.
Glucuronidation facilitates biliary excretion, and bacterial β-
glucuronidase causes reconversion of SN-38G to SN-38 in the
cecum and colon. Unless intestinal UGT1A converts the drug
back to the inert SN-38G,46,47 the SN-38 exerts toxic effects on
the intestine. Thus, as a precursor of SN-38, SN-38G is a source
of the intestinal toxin, and as an inert product of SN-38
glucuronidation, SN-38G serves as a protection against
intestinal toxicity.
Surprisingly, with the slow-releasing conjugates tested here,

plasma SN-38G was barely detectable, with exposure (AUC)
representing only ∼8% of that of the SN-38 released in our
longest-acting conjugate, 16D. The levels of SN-38G from the
other conjugates described here track the linker cleavage rate
but are all very low (≤21% of SN-38). In contrast,
administration of CPT-1119,39 by bolus or continuous infusion,

Figure 5. Hepatic uptake of (A) CPT-11 or (B) SN-38 using
OATP1B1 transporter and conversion of SN-38 to SN-38G followed
by deconjugation by intestinal bacterial β-glucuronidase back to SN-
38.
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bolus SN-38,44 or esterase-cleavable PEG−SN-38 or CPT-11
conjugates36,38,39 results in plasma AUCSN‑38G/AUCSN‑38 ratios
that can approach 10- to over 100-fold higher than we observe
with 16D. Preliminary results on the pharmacokinetics of 16D
and CPT-11 in the African green monkey track those observed
in the rat; that is, the AUCSN‑38G/AUCSN‑38 ratio is extremely
high for CPT-11 and extremely low for 16D. Thus, the low SN-
38G levels observed for our PEG conjugates in the rat are not
due to peculiarities specific to rodents. Although the results
may at first seem paradoxical, there is a congruent mechanism
that explains the uniquely low SN-38G levels observed here and
suggests its relevance to chemotherapy.
In the case of CPT-11, the source of hepatic SN-38 is CE

metabolism in the liver; because high blood levels of CPT-11
drive its hepatic uptake, CPT-11 acts as a large and efficient
trojan horse for a continuous source of hepatic SN-38. In
contrast, as in Figure 5B, SN-38 generated by PEG−SN-38
conjugates in the systemic circulation enters the liver primarily
via the organic anion transporter OATP1B1, which does not
transport CPT-11 or SN-38G.48,49 Thus, differential hepatic
uptake can explain why CPT-11 results in higher levels of
hepatic and plasma SN-38G and hence higher intestinal SN-38
than the very low levels of SN-38 delivered to the liver by the
conjugates described here. It appears that the high systemic SN-
38G observed after CPT-11 treatment reflects its high hepatic
uptake and the detoxification effects of liver and intestinal
UGT1A glucuronidation against intestinal exposure to SN-
38.46,47 However, if SN-38G is the source of enterotoxic SN-38,
then it is evident that an effective way to avoid the toxic agent is
simply to reduce levels of SN-38G in the intestine. Because the
low SN-38G formed from analogues described here likely
reflects low hepatic uptake of SN-38, it may be surmised that
intestinal exposure to SN-38 would likewise be low.
Bolus SN-3844 or esterase-cleavable PEG−SN-3838,39 con-

jugates also produce SN-38G, albeit not at the high levels seen
with CPT-11 or the low levels observed with SN-38 conjugates
described here; for example, the AUCSN‑38G/AUCSN‑38 of NK-
012 is ∼1.1 (Figure 4). Because liver SN-38 is associated with
intestinal toxicity and blood SN-38, with myelosuppression, it
may not be coincidental that the DLT of many PEG−SN-38
prodrugs is neutropenia rather than diarrhea, which can be
alleviated by treatment with G-CSF.38 The long-lived PEG−
SN-38 conjugates described here, such as 16D, show even
lower SN-38G than bolus SN-38 or esterase-cleavable PEG−
SN-38. This may be explained by the comparatively high Cmax
of free SN-38 that occurs with bolus injection or with the
shorter-lived esterase-cleavable conjugates. With these, SN-38
should enter the liver via OATP1B1 in proportion to plasma
levels (i.e., Cmax effect) because SN-38 levels never exceed the
∼20 μM Km of the transporter.49

A prodrug of SN-38 such as 16D that does not produce
significant SN-38G might also result in less interpatient
variability than CPT-11 because major sources of variability
with CPT-11, namely, CE and Cyp3A, are not involved and
UGT1A is not as important. Thus, if the low SN-38G levels
formed from long-acting PEG−SN-38 conjugates in the rat
translate to humans, then we may achieve therapeutic SN-38
levels without enteric injury and with lower interpatient
variability than currently used SN-38 prodrugs.

■ CONCLUSIONS
We have described the synthesis of PEG−SN-38 conjugates
linked by a series of cleavable β-eliminative linkers, their

mechanisms of SN-38 release, and their pharmacokinetic
properties in rats. Results show that such conjugates provide
a unique pharmacokinetic profile to the released SN-38 that
differs dramatically from those reported for other SN-38
prodrugs, including CPT-11. First, the presence of SN-38 on
the conjugates greatly increases its circulatory residence time,
providing a benefit in the duration of action and efficiency of
drug delivery. Second, using linkers with very long half-lives for
cleavage, SN-38 is delivered with a low Cmax yet at
concentrations that keep the drug over presumed target levels
for sustained periods. Third, very low levels of SN-38G are
formed, suggesting that toxicities and other pharmacodynamic
variabilities seen with other SN-38 prodrugs may be decreased.
Last, as well established with other PEG−SN-38 conjugates, we
expect accumulation of our conjugates in tumors by the EPR
effect4,37,40 and consequent high intratumoral concentrations of
the released drug. We are hopeful that these properties will
faithfully translate to humans.

■ EXPERIMENTAL PROCEDURES
General. Materials purchased were of the purest grade

commercially available. HPLC analyses were reverse-phase and used
UV or fluorescence detection. Purity of the tested conjugates was all
≥95% as assessed by HPLC, and SN-38/PEG ≥ 3.98. Animal studies
were performed at Invitek (rat) and RxGen (monkey). Details are
provided in the Supporting Information.

Syn the s i s . O- [ 7 - A z i d o - 1 - c y ano - 2 - h ep t y l ] - N - [ 4 ′ -
(diethylcarbamoyl)phenyl)]carbamate (11D). A solution of 7-
azido-1-cyano-2-heptanol 10D (4.6 g, 25.0 mmol) in 200 mL of
anhydrous THF was treated with triphosgene (12.5 g, 42.0 mmol) and
pyridine (1.6 mL, 50.0 mmol) for 10 min at ambient temperature. The
solution was filtered and evaporated to yield the crude chloroformate,
which was dissolved in 200 mL of anhydrous THF and treated with 4-
(N,N-diethylcarboxamido)aniline (4.80 g, 25.0 mmol) and triethyl-
amine (7.5 mL, 53.8 mmol) for 1 h. The mixture was diluted with
EtOAc and washed successively with water, 1 N HCl, sat. aq.
NaHCO3, and brine, dried with MgSO4, filtered, and evaporated. The
crude material was chromatographed on SiO2 using a step gradient of
hexane, 1:1 hexane/EtOAc, and 1:2 hexane/EtOAc . The product
crystallized on standing and was recrystallized from 1:1 EtOAc/hexane
to provide product 11D (4.4 g, 11.0 mmol, 44%). 1H NMR (400
MHz, CDCl3): δ 7.40 (2H, d, J = 8 Hz; H3′), 7.33 (2H, d, J = 8 Hz;
H2′), 7.07 (1H, br s; NH), 4.98 (1H, m; H2), 3.49 (4H, br s; NCH2),
3.27 (2H, t, J = 6.8 Hz; H7), 2.82 (1H, dd, J = 17, 5.3 Hz; H1a), 2.65
(1H, dd, J = 17, 4.4 Hz; H1b), 1.85 (1H, m; H3a), 1.73 (1H, m; H3b),
1.60 (2H, m; H4), 1.43 (4H, m; H5 + H6), 1.16 (6H, br s; CH2CH3).
LC−MS m/z: [M + H]+ calcd for C20H29N6O3, 401.2; found, 401.2.

N-Aryl carbamates 11A−C,E were prepared in a similar fashion and
are described in the Supporting Information.

O-[7 -Az ido-1-cyano-2-hepty l ] -N- (SN-38-CH2 ) -N- [4 ′ -
(diethylcarbamoyl)phenyl)]carbamate (13D). A mixture of 11D
(400 mg, 1.0 mmol), paraformaldehyde (35 mg, 1.5 mmol),
chlorotrimethylsilane (0.5 mL, 4.0 mmol), and 5 mL of anhydrous
toluene was heated at 50 °C in a sealed 20 mL vial for 24 h, at which
time a clear solution containing a small amount of precipitate was
obtained. HPLC analysis of a 5 μL aliquot diluted into 1.0 mL of 4
mM N,N-diisopropylethylamine in ethanol indicated complete
consumption of the starting carbamate (λmax 243 nm) and formation
of a slightly later-eluting peak (λmax 231 nm), consistent with the N-
(ethoxymethyl)-carbamate of 11D. The solution was cooled to
ambient temperature, filtered, and evaporated. The residue was
dissolved in 5 mL of dry toluene, filtered, and evaporated to provide
458 mg of an unstable moisture-sensitive yellow oil containing 89% by
weight of N-(chloromethyl)carbamate 12D as determined by the
HPLC assay. A 1.0 M solution of KOtBu in THF (250 μL, 0.25 mmol)
was added to a solution of SN-38 (100 mg, 0.255 mmol) in 10 mL of
1:1 THF/DMF cooled on ice under nitrogen, forming an initial dark
green color that changed to a bright gold suspension. After 15 min, a
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solution of the crude N-(chloromethyl)carbamate (190 mg, 0.36
mmol) in 1 mL of THF was added. After 15 min, the pale yellow
solution was diluted with EtOAc, washed sequentially with 5% citric
acid, water, and brine, then dried over MgSO4, filtered, and
evaporated. Excess DMF was removed by trituration of the oily
residue with water, and the residue was dissolved in DCM, dried, and
then chromatographed on SiO2 using a step gradient of hexane, 20, 40,
60, and 80% acetone in hexane, providing purified azido linker−SN-38
13D as a pale yellow foam (150 mg, 0.186 mmol, 73%). 1H NMR
(400 MHz, CDCl3): δ 8.15 (1H, d, J = 9.2 Hz), 7.60 (1H, s), 7.48
(1H, dd, J = 2, 9 Hz), 7.40 (4H, m), 7.25 (1H, d, J = 2), 5.75 (2H, br),
5.73 (1H, d, J = 16 Hz), 5.28 (1H, d, J = 16 Hz), 5.22 (2H, s), 4.99
(1H, m), 3.84 (1H, s), 3.53 (2H, br), 3.53 (2H, br), 3.17 (2H, t, J = 7
Hz), 3.12 (2H, q, J = 7 Hz), 2.74 (1H, dd, J = 1, 17 Hz), 2.54 (1H, dd,
J = 5, 17 Hz), 1.86 (2H, m), 1.6 (1H, m), 1.46 (1H, m), 1.37 (3H, t, J
= 7 Hz), 1.25 (6 H, m), 1.12 (4 H, m), 1.02 (3H, t, J = 7.3 Hz). LC−
MS m/z: [M + H]+ calcd for C44H51N8O8, 805.3; found, 805.3.
Compounds 13A−C,E were prepared in a similar fashion and are

described in the Supporting Information. An alternative large-scale
preparation of 12D and 13D is described in the Supporting
Information.
O-[7-Amino-1-cyano-2-hepty l ] -N- (SN-38-CH2) -N- [4 ′ -

(diethylcarbamoyl)phenyl)]carbamate Acetate (15D). A 1 M
solution of trimethylphosphine in THF (2.9 mL, 2.9 mmol) was
added to a solution of 13D (1.13 g, 1.4 mmol) and acetic acid (0.19
mL, 3.3 mmol) in 10 mL of THF. Gas was slowly evolved. After
stirring for 2 h, water (1.0 mL) was added, and the mixture was stirred
for an additional 1 h. The residue was partitioned between ether and
water. The water phase was washed with EtOAc, and the clear yellow
aqueous phase was evaporated to provide 800 mg of yellow foam. This
was dissolved in THF, filtered, and quantitated by UV absorbance to
provide a solution containing 1.2 μmol (86%) of product. C18 HPLC
showed a single peak. LC−MS m/z: [M + H]+ calcd for C43H51N6O8,
779.4; found, 779.3.
Compounds 15A−C,E were prepared in a similar fashion and are

described in the Supporting Information. An alternative large-scale
preparation synthetic method of 15D is described in the Supporting
Information.
O-[7-PEG-triazole-1-cyano-2-heptyl]-N-(SN-38-CH2)]-N-[4′-

(diethylcarbamoyl)phenyl)]carbamate (14D). A 30 mM solution of
13D in THF (400 uL, 12 μmol) was added to a gently stirred solution
of 4-arm PEG40kDa-(DBCO)4 (100 mg, 2.5 μmol PEG, 10 μmol
DBCO) in 1.0 mL of THF. After 20 h at ambient temperature, the
solvent was evaporated, and the residue was dissolved in methanol and
dialyzed (SpectraPor 2 membrane, 12 kDa cutoff) against methanol to
remove excess azide linker−SN-38. After evaporation of the methanol,
the product was taken up in 1 mL of THF and precipitated with 10
mL of MTBE to provide 98 mg of conjugate (2.2 μmol, 88%). Size-
exclusion HPLC indicated a single peak corresponding to the
conjugate. Complete loss of the DBCO absorbance at 308 nm was
noted. Unconjugated SN-38 was 0.6 mol % by reversed-phase HPLC.
SN-38 content was determined spectrophotometrically on a 0.45 mg
mL−1 solution in ACN using ε363 nm = 22 500 M−1 cm−1 to be SN-38/
PEG = 3.9. Treatment in basic solution released all SN-38.
PEGylated SN-38 analogues 14A−C,E were prepared in a similar

fashion and are described in the Supporting Information.
O-[7-PEG-carboxamido-1-cyano-2-heptyl]-N-(SN-38-CH2)]-N-[4′-

(diethylcarbamoyl)phenyl)]carbamate (16D). A 50 mM solution of
15D in ACN (1.2 mL, 60 μmol) was added to a gently stirred solution
of 4-arm PEG40kDa-(NHS)4 (500 mg, 12.5 μmol PEG, 50 μmol NHS)
in 2.0 mL of ACN followed by addition of N,N-diisopropylethylamine
(20 μL, 150 μmol). After 1 h at ambient temperature, 5 mL of 0.1 M
KPi, pH 7.0, was added, and the mixture was dialyzed (SpectraPor 2
membrane, 12 kDa cutoff) sequentially against 50:50 methanol/water
and methanol to remove excess azide linker−SN-38. After evaporation
of methanol, the product was dissolved in 2 mL of THF and
precipitated with 10 mL of MTBE to provide 490 mg of conjugate
(10.9 μmol conjugate, 87%). Size-exclusion HPLC indicated a single
peak corresponding to the conjugate. Unconjugated SN-38 was
determined to be 0.6 mol % by reversed-phase HPLC. SN-38 content

was determined spectrophotometrically on a 0.45 mg mL−1 solution in
ACN using ε363 nm = 22 500 M−1 cm−1 to be SN-38/PEG = 3.9.
Treatment in basic solution released all SN-38.

PEGylated SN-38 16E was prepared in a similar fashion and is
described in the Supporting Information. An alternative large-scale
preparation of 16D is described in the Supporting Information.

Kinetic Studies. Kinetic studies were performed by HPLC or
spectrophotometric determination of SN-38 anion at pH > 8.5 as
described for analogous p-nitrophenyl ethers.7

Pharmacokinetics. Pharmacokinetic studies were performed on
female Sprague−Dawley rats (n = 3 for each conjugate), assayed by
HPLC, and analyzed by a two-compartment model, as detailed in
Figure 2 and in the Supporting Information.
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